Second and third generation sequencing technologies have revolutionised bacterial genomics. Short-read Illumina reads result in cheap but fragmented assemblies, whereas longer reads are more expensive but result in more complete genomes. The Oxford Nanopore MinION device is a revolutionary mobile sequencer that can produce thousands of long, single molecule reads.
Background
Bacteroides fragilis is a gram-negative, obligate anaerobic bacterium that is commensal in the human colon; however it is also an opportunistic pathogen and is a major cause soft tissue infections. The B. fragilis lipopolysaccharide (LPS) triggers an inflammatory immune response via the Toll-like receptor 2 (TLR2) [1] pathway.
Significant intra-strain antigenic variation has been observed, suggested to be an adaptation to its survival in the human host [2] . The first B. fragilis genomes (NCTC 9343 and YCH46) were sequenced in 2004-2005 [3, 4] . These projects identified dynamic rearrangement in B. fragilis, including several invertible promoters associated with LPS biosynthesis gene clusters and four "shufflons" that had the potential to alter gene expression of specific genes. Together, these inversions regulate cell surface adaptation and bacterial phage resistances and are the source of the observed antigenic variation [4] .
Second-and third-generation sequencing instruments are revolutionising biology and medicine [5] . Cheap "benchtop" instruments enable access to huge sequencing power even for smaller laboratories [6] , and instruments such as Illumina's MiSeq are capable of sequencing millions of 600 base fragments simultaneously. Illumina's higher-throughput sequencers produce up to 1.8 terabases of sequence per run [7] .
The throughput of these machines has enabled scientists to sequence thousands of bacterial genomes at low cost [8] . However, due to the relatively short reads and insert lengths, genome assemblies from Illumina data tend to be fragmented, because the read and insert lengths are shorter than repeat regions within the genome. The problem of fragmented short-read assemblies has led many researchers to use Pacific Biosciences (PacBio) sequence data to assemble bacterial genomes, often (but not always) resulting in chromosome-level assemblies [9] . PacBio sequencing uses a modified DNA polymerase and produces long (~17 kb) single-molecule reads with a high individual error rate, which can be corrected to high accuracy [9, 10] . Whilst PacBio assemblies are of higher quality, they come at approximately 3-4 times the cost [8] .
The Oxford Nanopore MinION is new mobile sequencing machine. The size of an office stapler, the device is powered by the USB port of a laptop computer. The MinION measures changes in the electronic current as single molecules of DNA are passed through a biological nanopore. By using a hairpin adapter, each molecule is read twice and the resulting 2D reads are long (usually 5-6 kb, but there is no theoretical limit) [11] [12] [13] . The first nanopore-only bacterial genome assembly has been published [14] . However the assembly process was complex and the resulting assembly has a high error rate (1,202 mismatches and 17,241 indels). Others have reported using MinION data to successfully arrange Illumina contigs into a single scaffold [15] .
At time of publication [16] , there are 103 registered Bacteroides fragilis genome projects; however, only four are listed as complete, including those mentioned above, strain 638R and strain BOB25 [17] . As part of our Junior Honours "Genomes and Genomics 3" undergraduate course, we run a practical for ~100 students in bacterial genome sequencing, annotation and analysis, and the class of 2013 sequenced eight previously unanalysed B. fragilis strains using Illumina MiSeq. The assemblies generated were, as expected, fragmented, and it was not possible to definitively map polysaccharide biosynthesis clusters.
Here we present a fully contiguous, single-chromosome assembly (with no gaps) of Bacteroides fragilis strain BE1, a previously unsequenced strain originally isolated from the wound infection of a patient at the Academic Hospital of the Vrije Universiteit [18] . The assembly was produced using open-source tools and a combination of Illumina MiSeq and MinION nanopore data. Crucially, the finished genome was achieved using only moderate amounts of data and assembled on commodity computing hardware, suggesting that high-quality, finished bacterial genomes can be achieved at very low cost with only a small amount of bioinformatics infrastructure.
Results

Sequence data characteristics
The MiSeq data, generated by the Genomes and Genomics 3 class, consisted of 898,420 2x250bp reads. After adapter removal and trimming for low quality the reads had a mean length of 248bp. The MinION run produced 7300 2D MinION reads with a mean length of 6618 and maximum length of 29,630 (Figure 1 ).
Assembly and genome characteristics
The complete genome of Bacteroides fragilis strain BE1 has a length of 5,188,967 base-pairs and a GC content of 43.1%, consistent with other strains. Genome annotation identified 4217 coding sequences (CDS), 18 rRNA genes and 74 tRNA genes.
Post-assembly assessment showed that 99. In addition to the internal, read-mapping consistency, regions of difference (RODs) between our assembly and NC_003228 were manually inspected to assess assembly integrity; specifically we checked that presence/absence of the RODs were supported by the read data. We identified several regions where our assembly evidently has a small inversion compared to the reference genomes, and these correlated with invertible promoters
Data availability
Raw Illumina and MinION reads and the annotated assembly are available in the European Nucleotide Archive under project accession PRJEB10044.
Discussion and Conclusions
Bacteroides fragilis is a commensal bacterium of the human colon; however, it is also an opportunistic pathogen, being one of the major causes of soft-tissue infections in humans. Significant intra-strain antigenic variation has been observed in B fragilis, caused by promoter DNA inversions that regulate gene expression of cell surface antigens.
Second and third-generation sequencing technologies now enable the rapid and accurate sequencing of thousands of bacterial genomes. Indeed, these technologies are easily accessible to even undergraduate practical classes, giving students direct experience of genomics in practice. However, assemblies created using only Illumina "short reads" are often fragmented. Therefore, long read sequence data (e.g. PacBio)
is now regularly used to finish and complete bacterial genomes. The Oxford Nanopore MinION is the world's first mobile DNA sequencer, capable of producing long, single-molecule reads, and the aim of this study was to discover whether MinION reads could be used to finish and complete a bacterial genome.
Here we describe the complete, finished genome of Bacteroides fragilis strain BE1 [20] ), the sequence generation costs would be approximately £276 per genome. Even when adding library preparation costs, it is easy to imagine that a fully circularised, complete bacterial genome could cost less than £500. Given the low capital expenditure associated with MiSeq and/or MinION sequencers, we predict that Illumina+MinION bacterial genome sequencing will become the norm in the short-to medium-term future. 
Methods
Illumina library construction and sequencing
1 ng of input DNA was simultaneously fragmented and tagged with specific Illumina adapter sequences by the Nextera XT transposome complex, as described in the Nextera XT DNA Library Preparation protocol (illumina). Following a neutralisation step, the sample, was amplified by limited cycles of PCR, which also added sequencing primer sequences to tagmented DNA fragments. The library was then prepared for cluster generation, and sequenced on a Miseq (Illumina) 250 base pairedend run.
MinION library construction and sequencing
Library preparation was carried out using the Nanopore Genomic Sequencing Kit 
Assembly and annotation
Illumina reads were trimmed using Trimmomatic [21] . Sequencing adapters were removed, as were bases less than Q20. Any reads less than 126bp in length after trimming were discarded. MinION reads were extracted using poRe [22] . Input data for the assembly were therefore 898,420 250 base paired-end Illumina MiSeq reads and 7300 2D MinION reads with a mean length of 6618 and maximum length of 29,630. These were used as input to SPAdes [23] version 3.5.0 with the --nanopore option.
After removal of short and/or low-coverage contigs, the SPAdes hybrid assembly consisted of 5 contigs of length 3980468, 827237, 362398, 13363, 5146 nucleotides respectively. The smallest contig had a reported coverage 6-times that of the other 4 and contained an rRNA operon, suggesting that there are 6 copies of that operon within the genome.
These 5 contigs were used as input to SSPACE-LongRead [24] using the MinION reads to scaffold, resulting in 3 scaffolds of length 48125973, 362398, 13363 nucleotides respectively. This scaffolding step placed the rRNA operon successfully into 6 locations in the larger scaffolds. The three scaffolds were used as input to a second round of SSPACE-LongRead which produced a single scaffold of length 5188967 and containing 3 gaps. These gaps were successfully filled using GapFiller [25] and the paired-end Illumina data.
The chromosome start was defined by comparison to sequence NC_003228 (Bacteroides fragilis NCTC 9343) and annotated using Prokka v 1.11 [26] .
Read mapping
Illumina and MinION reads were mapped back to the final assembly using bwa mem v0.7.12 [19] , and the resulting alignments converted to BAM, indexed and sorted using Samtools [27] . MinION reads were mapped using the option "-x ont2d" in bwa mem. MinION reads were also mapped using last [28] and parameters -q 1 -a 1 -b 1.
Mapping statistics were calculated using count-errors.py [29] , modified slightly to work with our read IDs.
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A histogram of 2D read lengths from 7300 MinION reads. The peak at 3-4kb represents the lambda spike-in 
